Abstract: Nitroxide-mediated polymerizations of methyl and tert-butyl acrylate were performed in a single-mode microwave reactor at 120°C. The polymerizations could be carried out in a controlled way in concentrated solution (approx. 50 wt.-% of monomer) up to monomer conversions of around 90%. Monomer conversion followed first-order kinetics in the case of tert-butyl acrylate. For methyl acrylate, it seems that the kinetics obeyed the persistent radical effect. The polymers obtained from this controlled radical polymerization technique exhibited narrow molecular weight distributions (indicated by polydispersity indices below 1.3).
Introduction
Controlled radical polymerizations, like atom transfer radical polymerizations (ATRP) [1] , reversible addition fragmentation chain transfer polymerizations (RAFT) [2] , and nitroxide-mediated polymerizations (NMP) [3] , represent key strategies for the preparation of polymers with narrow molecular weight distributions. With the advent of newly designed nitroxide radicals (others than the TEMPO radical) [4] [5] [6] [7] [8] [9] , nitroxidemediated polymerizations have regained raising interest because of the growing number of monomers that nowadays can be polymerized in a controlled manner via this technique. However, the control over the polymerization often arises from equilibria that significantly decrease the reaction times.
Recently, polymer chemists have discovered microwave irradiation as a new heating source. In the meantime, a broad selection of polymerization methods has been transferred to microwave irradiation, comprising reaction types as diverse as the step-growth preparation of polyamides, the ring-opening polymerization of ε-caprolactone or the free-radical polymerization of styrene. The majority of these polymerizations experienced remarkable accelerations under microwave irradiation; some even exhibited shifts in selectivity and improved purities of the targeted products [10] . Controlled radical polymerizations, however, have been transferred to microwave irradiation rather seldom. Prominent examples comprise the atom transfer radical polymerization of octyl acrylate [11] and methyl methacrylate [12] [13] [14] [15] , the TEMPOmediated polymerization of methyl acrylate [16] and the TEMPO-mediated synthesis of uniformly shaped resins [17] . This is notably deplorable as these polymerization techniques seem to be well-suited candidates for the transfer to microwave irradiation, especially in terms of enhanced reaction rates. Inspired by the acceleration of 1 the living cationic ring-opening polymerization of several 2-oxazolines [18] [19] [20] and findings from the ATRP of methyl methacrylate [12] under microwave irradiation, we have now investigated the controlled nitroxide-mediated radical polymerization (NMP) of methyl acrylate and tert-butyl acrylate with the initiator/radical system MAMA or MAMA/SG1 (Scheme 1), under conventional heating as well as under microwave irradiation. Under conventional thermal heating, the nitroxide SG1 (DEPN, N-tertbutyl-N-[1'-diethylphosphono-2',2'-dimethylpropyl] nitroxide) has recently been successfully applied for the controlled radical polymerizations of several monomers, including styrene [16] , n-butyl acrylate [21, 22] , dimethylacrylamide [23, 24] and acrylic acid [25] . Due to its solubility in aqueous systems, the initiator/radical system MAMA is additionally suited for applications in emulsion polymerizations [26] . Comparison experiments in a microwave reactor, however, have not been performed so far. In contrast to the TEMPO radical, no literature data is available for the characteristics of the SG1 radical under microwave irradiation [27, 28] . 
Results and discussion
In nitroxide-mediated polymerizations, control of the reaction is provided by reversible capping and de-capping of the growing (radical) polymer chain by a nitroxide radical.
As a result, the concentration of the growing radical species is decreased and the speed of the polymerization is significantly decelerated. Consequently, the polymer chains grow with a (quasi) uniform speed, and side reactions, like the bimolecular termination, are kept at a minimum. Consequently, the polymers show relatively narrow molecular weight distributions. In order to gain optimum control over the radical polymerization, one-component species (decomposing into an initiating radical and a nitroxide radical) have shown to be superior to two-component mixtures, as the latter exhibit the disadvantage of inaccurately specified efficiencies of the initiating radical [29, 30] .
Upon heating, the one-component species used in the present study, MAMA, reversibly decomposes into a tertiary initiating radical (derived from 2-methylpropanoic acid) and the nitroxide radical SG1 (Scheme 1, line 1). The (free) initiator radical can react with a molecule of the corresponding alkyl acrylate in order to initiate the growth of polymer chains (Scheme 1, line 2). These growing polymer chains are reversibly turned into so-called dormant species (inactive); only the freeradical polymer chains can continue to grow by the addition of monomers (Scheme 1, line 3). In total, poly(alkyl acrylate)s with a 2-methylpropionate-2-yl and a SG-1 end group, respectively, are formed (Scheme 1, line 4). In literature, it has been shown that nitroxide-mediated reactions (theoretically) obey the kinetic laws of the persistent radical effect. This kinetic model has been estab-lished on the assumptions that side-reactions do not occur, and that the rate constants are independent of the lengths of the growing polymer chains [31] [32] [33] [34] [35] . In such systems, the concentration of the nitroxide (persistent) radicals and the growing polymer chains are not stationary, but depend on time [31] [32] [33] [34] [35] [36] [37] . Consequently, the monomer conversion itself (represented by ln{[M 0 ]/[M t ]}) does not depend linearly on time, but to its 2/3 order, which has been experimentally validated [38] . The corresponding plot for the herein described experiments (Fig. 2) indeed shows a linear correlation for the microwave-assisted polymerizations. The polymerizations that were heated in an oil bath, however, still show large deviations from the overall linearity (indicated by a comparably low regression coefficient), but the data points do not exhibit a curvature for prolonged reaction times. The polymerizations proceeded with comparable reaction speeds (identical reaction rates), independent of the heating source, as may be depicted from the slopes of the corresponding regression lines (the difference of around 10% is assumed to originate from the comparably bad fit of the regression line for the experiments that were performed in an oil bath). The different interceptions with the y-axis are assumed to originate from a poor control over the polymerization at its early stage, caused by an insufficient nitroxide concentration and a high propagation rate of methyl acrylate (model of persistent radical effect). Conversions of around 90% were achieved within 3 h for both sets of experiments (Fig. 1, left) . It should be emphasized, however, that the microwave-assisted polymerizations show a much better reproducibility and validation of the chosen kinetic model (indicated by the significantly better regression coefficient in Fig. 2 ; cf. also below). Characterization of the corresponding polymers (by means of GPC measurements) also shows that microwave irradiation is superior to the conductive oil bath heating ( Fig. 3) : Only for the experiments that were performed in the microwave reactor, the polydispersity indices (PDI) were lower than 1.3 (for all conversions, in the range from 40 to 90%). In the case of the experiments performed in an oil bath, on the other hand, the polydispersity indices exceeded the threshold of 1.3 from conversions higher than 80% on, and were even larger than 1.5 for conversions higher than 90%. We ascribe this observation to the temperature gradient caused by the comparably hot oil bath [39] , which increases the probability of thermal degradation of the nitroxide radicals close to the walls of the reaction vessels. As a consequence of the degradation of the nitroxide radical, polymer chains do not grow with a uniform speed any longer, and side-reactions like the bimolecular termination occur more frequently.
In the case of the polymers prepared in the single-mode microwave reactor, these trends also became discernible from the overall linear dependence of the numberaverage molecular weights on conversion. The number-average molecular weights of the polymers that were synthesized in the oil bath, on the contrary, levelled off from the expected (theoretical) values for conversions higher than 80% (concomitant with the increasing PDI values). The calibration with polystyrene standards gave more accurate values for the number-average molecular weights of the poly(methyl acrylate)s than the calibration with poly(methyl methacrylate) because of the more similar backbones of the corresponding polymers. With these findings in mind, subsequent investigations aimed for the synthesis of poly(tert-butyl acrylate). In a first set of experiments, samples of a 4 M stock solution of MAMA and tert-butyl acrylate in dioxane (approx. 50 wt.-% of the monomer; ratio tert-butyl acrylate : MAMA = 50:1) were irradiated in the single-mode microwave reactor at 120°C. The monomer conversion (determined by gas chromatography) followed first-order kinetics (in contrast to that of methyl acrylate, cf. above), and, like in the case of methyl acrylate, conversions of around 90% were achieved within 3 h (Fig. 1, right) . The corresponding polymers, however, exhibited polydispersity indices (slightly) higher than 1.3. For conversions higher than 80%, the number-average molecular weights of the thus-synthesized poly(tert-butyl acrylate)s levelled off from the theoretical values (Fig. 4, left) . In order to gain an improved control over this polymerization process and to synthesize poly(tert-butyl acrylate)s with narrower molecular weight distributions, another set of experiments was performed, utilizing a stock solution that additionally contained 5% excess of the nitroxide radical SG1 (tertbutyl acrylate : MAMA : SG1 = 50:1:0.05). The first-order kinetics of monomer consumption was maintained (Fig. 1, right) ; the polymerization, however, proceeded significantly slower (by a factor of approx. 60%, indicated by the ratios of the corresponding regression lines) because of the higher probability to transform the growing polymer chain into the so-called dormant species (cf. Scheme 1). Consequently, reaction times of 5 h were needed for monomer conversions of around 90%. The polydispersity indices of the poly(tert-butyl acrylate)s were lower than the targeted threshold of 1.3 for conversions up to 90% (Fig. 4, right) . The number-average molecular weights of the polymers themselves showed a good agreement with the theoretical values (for conversions lower than 90%). Also for the poly(tert-butyl acrylate)s, the calibration with polystyrene standards showed to reproduce the number-average molecular weights more accurately than the calibration with poly(methyl methacrylate) standards (cf. above). For the two monomers, methyl acrylate as well as tert-butyl acrylate, the reaction rates could well be enhanced by an increase of the reaction temperature to values higher than 120°C. However, the polydispersity indices significantly exceeded 1.3 (unless additional nitroxide radical SG1 was added, which caused a slower propagation of the polymerization). Consequently, 120°C turned out to be an optimum temperature for the nitroxide-mediated polymerization of alkyl acrylates, not only for conductive heating, but also for the microwave-assisted one.
Conclusions
The nitroxide-mediated polymerization of two alkyl acrylates, namely methyl acrylate and tert-butyl acrylate, could successfully be performed with the system MAMA (decomposing into the initiator and a nitroxide radical, SG1, upon heating) in dioxane solution in a single-mode microwave reactor at 120°C. The polymerization solutions exhibited an initial amount of the respective monomer of approx. 50 wt.-% and a monomer : initiator ratio of 50:1. For the polymerization of tert-butyl acrylate, the monomer consumption followed first-order kinetics, while that of methyl acrylate could be described with a kinetic model that includes the persistent radical effect.
Poly(methyl acrylate)s with narrow molecular weight distributions (polydispersity indices below 1.3) were obtained within 3 h from the polymerization solutions. The control over the reaction could be preserved for monomer conversions of up to 90%.
Comparison experiments using an oil bath as heating source, however, showed a limited reproducibility and furthermore failed to yield polymers with similarly narrow molecular weight distributions (for high conversions). We refer this observation to the superiority of the uniform, non-contact and internal heating mode of the microwave irradiation; any non-thermal microwave effects (like an acceleration of the polymerization) were not observed.
For the polymerization of tert-butyl acrylate (which was performed exclusively under microwave irradiation), in contrast to methyl acrylate, an excess of the nitroxide radical (SG1) had to be added to the polymerization solution in order to obtain polymers with the targeted narrowness of the molecular weight distributions (polydispersity indices below 1.3). Thus, the reaction was decelerated, but monomer conversions of around 90% were achieved within 5 h, nevertheless.
Experimental part

Materials
Methyl acrylate and tert-butyl acrylate (both of them stabilized with monomethyl ether hydroquinone as inhibitor) were purchased from Aldrich. Prior to use, the inhibitor was removed with a solid-state inhibitor remover, supplied by Aldrich. Dioxane (Merck; stabilized with 2,6-di-tert-butyl-4-methylphenol) was distilled prior to use and stored in brown flasks under an inert atmosphere of argon. The initiator 2-methyl-2-
nitroxide (SG1) were obtained from Arkema (formerly Atofina) and used as received.
Instruments and measurements
The microwave-assisted polymerizations were performed in a single-mode microwave reactor Emrys Liberator (Biotage), equipped with a recently calibrated, noninvasive IR sensor for the measurement of temperature [40] . For tert-butyl acrylate, the monomer conversions were determined using an Interscience Trace gas chromatograph with a PAL autosampler, equipped with a RTX-5 capillary column (crossbond 5% diphenyl-/ 95% dimethyl-polysiloxane; 30 m x 0.25 mm ID x 0.25 µm df). For that purpose, the polymerization solution was diluted with chloroform (1:9) after the reaction, and the amount of residual monomer was calculated referring to dioxane as internal reference. For the injection of polymerization mixtures, a special Interscience liner with additional glass wool was used. For the polymerization of methyl acrylate, the monomer conversion could be calculated more conveniently from 1 H NMR spectra due to the similar retention times of the monomer methyl acrylate and the solvent dioxane in the gas chromatograph.
1 H NMR spectra were recorded on a Varian Gemini 300 spectrometer from polymer solutions in d 3 -chloroform (reference: tetramethylsilane). The average molecular weights of the polymers (and their distributions) were obtained by means of gel permeation chromatography (GPC), which was conducted on a Shimadzu system with a SCL-10A system controller, a LC-10AD pump, a RID-10A refractive index detector and a PLgel 5 µm Mixed-D column, using a chloroform : triethylamine : isopropanol (94:4:2) mixture as eluent at a flow rate of 1 mL/min at 50°C (PS and PMMA calibrations, respectively).
Nitroxide-mediated polymerizations of alkyl acrylates
Vials specially designed for the single-mode microwave reactor Emrys Liberator (Biotage, Sweden) [40] were filled with stock solutions containing the monomer, the solvent, the initiator and the free radical (if applicable). A typical stock solution contained approximately 50 wt.-% of the monomer and was composed of either 4.133 g methyl acrylate and 0.366 g MAMA in 3.677 mL dioxane (6 M solution of the monomer) or 12.817 g tert-butyl acrylate, 0.763 g MAMA (and 29.4 mg SG-1, if applicable) in 10.599 mL dioxane (4 M solution of the monomer). 1 mL of the corresponding stock solution was filled into the vials [40] . These were equipped with a stirring bar, capped, and bubbled for 10 min with argon to exclude oxygen. The thus-prepared vials were subsequently either irradiated in the microwave reactor or heated in an oil bath. In the latter case, the temperature of the oil bath had to be set to 133°C in order to ensure an internal temperature of 120°C in the solution in the (thick-walled) vials (as determined by reference measurements in N,N-dimethylformamide in open vessels). After the targeted reaction times, the vials were exposed to oxygen in order to terminate the chain growth.
